We discuss here a lunar impact flash recorded during the total lunar eclipse that occurred on 2019 January 21, at 4h 41m 38.09 ± 0.01 s UT. This is the first time ever that an impact flash is unambiguously recorded during a lunar eclipse and discussed in the scientific literature, and the first time that lunar impact flash observations in more than two wavelengths are reported. The impact event was observed by different instruments in the framework of the MIDAS survey. It was also spotted by casual observers that were taking images of the eclipse. The flash lasted 0.28 seconds and its peak luminosity in visible band was equivalent to the brightness of a mag. 4.2 star. The projectile hit the Moon at the coordinates 29.2 ± 0.3 ºS, 67.5 ± 0.4 ºW. In this work we have investigated the most likely source of the projectile, and the diameter of the new crater generated by the collision has been calculated. In addition, the temperature of the lunar impact flash is derived
Accepted for publication in Monthly Notices of the Royal Astronomical Society (MNRAS) on 2019 March 29
The monitoring of lunar impact flashes by means of telescopes and highsensibility cameras dates back to the 1990s. Since the first systematic observations performed by Ortiz et al. (1999) to estimate the temperature of impact plumes (Madiedo and Ortiz 2016; Bonanos et al. 2018 ).
Despite its multiple advantages, this technique has also some important drawbacks, since the results are strongly dependent on the value given to the luminous efficiency. This parameter is the fraction of the kinetic energy of the projectile emitted as visible light as a consequence of the collision. The value of the luminous efficiency is not known with enough accuracy. The
comparison between the calculated size of fresh craters associated to observed impact flashes and the experimental size measured by probes orbiting the Moon can play a fundamental role to better constrain the value of this efficiency (Ortiz et al. 2015) .
Another drawback of this technique is related to the fact that, since most of these flashes are very dim, they must be recorded against a dark background. For this reason, the method is based on the monitoring of the nocturnal region of the Moon. The area directly illuminated by the Sun must be avoided in order to prevent the negative effects of the excess of scattered light entering the telescopes. This implies that, weather permitting, the monitoring by means of telescopes of these flashes is limited to those periods where the illuminated fraction of the lunar disk ranges between about 5% and 50-60%, i.e., about 10 days per month during the waxing and waning phases (Ortiz et al. 2006 . Lunar eclipses provide another opportunity to monitor lunar impact flashes out of this standard observing period, since during these the Moon gets dark. However, because of the typical duration of lunar eclipses, this extra observational window is relatively short when compared to a standard observing session.
Besides, the possibility to detect dimmer impact flashes, which are more frequent than brighter ones, depend on the intrinsic brightness of the eclipse, which in turn depend on the aerosol content at stratospheric levels. In general, the lunar ground is brighter in visible light during a lunar eclipse than the lunar ground in standard observing periods during the waning and Ortiz et al. (1999) was renewed and named Moon Impacts Detection and Analysis System (MIDAS) (Madiedo et al. 2010; Madiedo et al. 2015a Madiedo et al. , 2015b ). This project is conducted from three astronomical observatories located in the south of Spain: Sevilla, La Sagra and La Hita (Madiedo and Ortiz 2018, Madiedo et al. 2019) . In this context, our survey observed a flash on the Moon during the total lunar eclipse that took place on 2019 January 21. This flash was also spotted by casual observers that were taking images of this eclipse, or streaming it live on the Internet (https://www.reddit.com/r/space/comments/ai79zy/possible_meteor_impact _on_moon_during_the_eclipse/). The MIDAS survey was the first to confirm that this flash was generated as a consequence of the collision of a meteoroid with the lunar soil at high speed, so that this is the first lunar impact flash ever recorded during a lunar eclipse and discussed in the scientific literature. Madiedo et al. 2015a,b and Ortiz et al. 2015) .
No photometric filter was attached to the cameras employed with the 0.36 m and two of the 0.28 m Schmidt-Cassegrain telescopes. These provided images in the wavelength range between, approximately, 400 and 900 nm.
The third 0.28 m SC telescope employed a Johnson-Cousin I filter.
Observations performed with the two refractors were also unfiltered.
We did not focus on the monitoring of any particular region on the lunar disk. Instead, our telescopes were aimed so that the whole lunar disk was monitored during the totality phase of the eclipse, with each instrument covering a specific area of the lunar surface, and with at least two instruments monitoring a common area. Before and after the totality, the region of the Moon not occulted by the Earth's shadow was avoided. The MIDAS software (Madiedo et al. 2010 (Madiedo et al. , 2015a Table 1 contains the main parameters derived for this impact flash. By means of the MIDAS software (Madiedo et al. 2015a (Madiedo et al. , 2015b we determined that the impactor hit the Moon at the selenographic coordinates 29.2 ± 0.3 ºS, 67.5 ± 0.4 ºW, a position close to crater Lagrange H. This is located next to the west-southwest portion of the lunar limb.
It is worth mentioning that astronomers at the Royal Observatory in Greenwich reported a second flash at 4:43:44 UT (Emily Drabek-Maunder, personal communication). We tried to locate this flash in our recordings by checking them automatically with our MIDAS software. We also checked them manually, by performing a visual inspection of the videos frame by frame. We allowed for a timing uncertainty of around 1 minute, which is well above the 5 seconds time difference between the time reported by this observatory for the first flash (4:41:43 UT) and the time specified by our GPS time inserters. However, this event was not present in any of the images recorded by our systems and, to our knowledge, no other casual observer spotted it. This means that it should have been produced by a different phenomenon, and not by a meteoroid hitting the lunar ground. The MIDAS survey uses at least two instruments monitoring the same lunar area in order to have redundant detection to discard false positive impact flashes due to cosmic ray hits, satellite glints and other possible phenomena that may mimic the impact flashes.
RESULTS AND DISCUSSION

Impactor source
Since the technique employed to detect lunar impact flashes cannot unambiguously provide the source of the impactors that produce these events (Madiedo et al. 2015a (Madiedo et al. , 2015b , we have followed the approach described in (Madiedo et al. 2015a (Madiedo et al. , 2015b to determine the most likely source of the meteoroid that generated the flash discussed here.
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The observing date did not coincide with the activity period of any major meteor shower on our planet and so the impactor should be associated either with a minor meteoroid stream or with the sporadic meteoroid component.
Our meteor stations, which operate in the framework of the SMART project (Madiedo 2014 (Madiedo , 2017 , recorded that night meteors from the January Comae Berenicids (JCO), the δ-Cancrids (DCA), and the ρ-Geminids (RGE), but the activity of all of these corresponded to a zenithal hourly rate (ZHR) < 1 meteor/h. Besides, the geometry for the impact of the DCA and RGE streams did not fit that of the lunar impact flash: these meteoroids could not hit the lunar region where the flash was recorded. So, we considered the sporadic background and the JCO meteoroid stream as potential sources of the event. The association probabilities corresponding to these sources, labelled as p SPO and p JCO , respectively, were obtained by following the technique developed by Madiedo et al. (2015a Madiedo et al. ( , 2015b ). Thus we have calculated p JCO with our software MIDAS, which obtains this probability from Equation (15) in the paper by Madiedo et al. (2015b) . In this calculation the zenithal hourly rate and the population index of the January Comae Berenicids have been set to 1 meteor/h and 3, respectively, and HR=10 meteors/h was set for the activity of the sporadic component (see for instance Dubietis and Arlt, 2010) . From this analysis p JCO yields 0.01, with p SPO = 1 -p JCO = 0.99. According to this, the probability that the impactor is linked to the sporadic meteoroid component is of about 99%. In these calculations an average impact velocity and an impact angle of sporadics on The calculations in this section are performed from the data collected by this instrument, since its larger aperture and the higher sensitivity of its CCD camera allowed us to record the evolution of the impact flash in much more detail than with the 0.1 m refractor. This refractor telescope just registered the peak luminosity of the flash and so the lightcurve of the event cannot be constructed from its recordings.
As explained in detail in , the energy radiated on the Moon by the flash can be obtained from the integration of the power radiated by the event:
Here the magnitude of the flash varies with time according to the lightcurve of the event, and f quantifies the degree of isotropy of the emission of light.
Since we have considered that light was isotropically emitted from the lunar ground, we have set f = 2 . The distance between our observatory on Earth and the impact location on the Moon at the instant when the event took place was R= 364831.2 km. For the wavelength range ∆λ corresponding to the luminous range we have set ∆λ = 0.5 µm (see for instance Ortiz et al. 2000 and .. By entering these parameters in Eq. (2) the energy radiated on the Moon yields E = (1.96±0.39)·10
This radiated energy is a fraction of the kinetic energy E k of the meteoroid.
That fraction is called the luminous efficiency, which is wavelengthdependent and is usually denoted by η (Bellot Rubio et al. 2000a Rubio et al. , 2000b Ortiz et al. 2000; ):
Since the value of the radiated energy derived from Eq. (2) depends on the wavelength range considered, the luminous efficiency for that same spectral range defined ∆λ by must be employed. On the contrary, we would arrive to the non-sense conclusion that the kinetic energy of the projectile would be also a function of the spectral range, instead of depending only on the mass and velocity of the projectile. The concept "luminous" refers to the abovementioned luminous range, and it was defined to correspond to the range of sensitivity of typical CCD detectors (i.e., from around 400 to about 900 nm) used in the first works on lunar impact flashes and luminous efficiencies (see e.g. Bellot- Rubio et al. 2000a Rubio et al. , 2000b Ortiz et al. 2000; Yanagisawa et al. 2006 ). Other wavelength ranges can be of course defined and employed, but this consistency between ∆λ, E and η must be maintained. For other spectral ranges the fraction of the kinetic energy of the impacting meteoroid converted into radiation in the corresponding photometric bands should be denoted by using subscripts, such as η R , for the R-band, η I for the I-band, etc., to avoid confusing it with η . In previous works the value employed for the luminous efficiency was η=2·10 . 2006, 2015) . However, this value was derived by assuming f=3 for the degree of isotropy factor (see, for instance, Ortiz et al. 2006) . Since in this work we have considered f=2, we have to multiply this value of the efficiency by 3/2, as explained in . As a consequence of this, the value considered for η in the luminous range for the flash yields η = 3·10 -3 . In this way, the kinetic energy E k of the impactor is E k = (6.55±0.63)·10 9 J. The impactor mass M derived from this kinetic energy is M = 45 ± 8 kg for a sporadic meteoroid impacting at velocity of 17 km s -1 .
Its size is readily obtained from the bulk density of the particle. The average value of this bulk density for projectiles associated with the sporadic meteoroid background is ρ P =1.8 g cm -3 according to Babadzhanov and Kokhirova (2009) . This density yields a diameter for the impactor D P = 36 ± D is the rim-to-rim diameter, ρ p and ρ t are the projectile and target bulk densities, respectively, and the angle of impact θ is measured with respect to the local horizontal (Melosh, 1989) . We have employed θ=45º for sporadic meteoroids, and for the target bulk density we have considered ρ t = 1.6 g cm -3 . By entering in this model the previously-obtained value of the kinetic Accepted for publication in Monthly Notices of the Royal Astronomical Society (MNRAS) on 2019 March 29 energy E k , the diameter D for impactor bulk densities ρ p of 0.3, 1.8 and 3.7 g cm -3 yields 10.1 ± 0.5 m, 13.6 ± 0.6 m, and 15.3 ± 0.7 m, respectively.
We have also derived the crater size from the following equation, which was proposed by Holsapple (1993) :
D is again the rim-to-rim diameter, and π v is an adimensional factor which has the following form: 
Values derived from our analysis of the crater diameter are summarized in Table 3 . Both above-mentioned scaling models predict a similar rim-to-rim diameter D for the same impactor bulk density, with D ranging from about 10 to 15 m. Because of its small size, this crater cannot be observed by telescopes from our planet. But probes in orbit around the Moon can spot it, provided that these can take pre-and post-impact images of the area where the meteoroid collision takes place. For instance, craters produced by previous collisions that gave rise to observed impact flashes were successfully identified by cameras onboard the Lunar Reconnaissance Orbiter (LRO), which orbits the Moon in a polar orbit since 2009 (Madiedo et al. 2014 Suggs et al. 2014 , Robinson et al. 2015 ). These observations are or a paramount importance, since they would allow us to compare the actual and predicted crater diameters to check the validity of our assumptions. This would also provide a better constraint for the luminous efficiency associated with the collision of meteoroids on the Moon.
CONCLUSIONS
We have focused here on a lunar impact flash recorded during the Moon eclipse that occurred on 2019 January 21. This is the first impact flash unambiguously recorded on the Moon during a lunar eclipse and discussed in the scientific literature. The event, spotted and confirmed in the framework of the MIDAS survey, was also imaged by casual observers in
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Europe, America and Africa. The peak V magnitude of the flash was 4.2 ± 0.2, and its duration was of 0.28 s. According to our analysis, the most likely scenario with a probability of 99% is that the impactor that generated this flash was a sporadic meteoroid. By considering a value for the luminous efficiency of 3·10 -3 and an impact speed of 17 km/s, the estimated mass of the impactor yields 45 ± 8 kg. By employing the Gault scaling law, the rimto-rim diameter of the crater generated during this collision ranges from This is also the first time that lunar impact flash observations in more than two wavelengths are reported. The impact plume blackbody temperature has been estimated by analyzing the R, G and B channels of the color camera employed to record the event. This multiwavelength analysis has resulted in a peak temperature of 5700 ± 300 K. Table 2 . Results obtained from the photometric calibration of the Sony A7S camera, as defined by Equations (4 to 6).
